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TL = 93  cm ± 5.9 SE) showed clear and permanent 
emigration tracks out of the mangrove estuary to 
coral reef habitats offshore. For some individuals, 
these habitat shifts were preceded by exploratory 
movements away from the eel’s typical home range 
the night before emigration. All final emigration 
events took place nocturnally, happened during a sin-
gle night, and occurred during months from Decem-
ber to May. Mean emigration speed was 3.4  km/h. 
This study is the first documentation of an ontoge-
netic habitat shift in moray eels, as well as the first 
determination of home range size for this species and 
their site fidelity in mangrove habitats.

Keywords Acoustic telemetry · Home range · 
Emigration · Nursery habitat · Caribbean

Introduction

Moray eels are more abundant than generally real-
ized and are an important component of many marine 
ecosystems. Due to their habit of hiding in holes and 
crevices, and their often nocturnally active nature, 
they are undercounted on single-pass visual surveys 
by as much as 400% (Gilbert et  al. 2005). In terms 
of biomass, they are possibly as important as other 
piscivores such as snapper and grouper, and may be 
increasing in absolute or relative abundance since 
the others are targets of fisheries whereas morays 
are typically not due to ciguatoxicity (Gilbert et  al. 

Abstract Surprisingly, little is known about basic 
life history of the largest moray eel species in the 
Caribbean region, the green moray eel (Gymnotho-
rax funebris). Sixteen eels were captured from the 
mangrove fringe in multiple bays on St. Croix, USVI, 
implanted with coded acoustic transmitters, and their 
movements were tracked for up to 11  months using 
an array of 37 stationary acoustic receivers. They 
exhibited high site fidelity in the bays during their 
residence, using the same general parts of individual 
bays and did not switch bays except for one indi-
vidual. There was no relationship between eel size 
(mean TL = 83  cm, range = 54–126  cm) and home 
range size (mean area of 95% KUD = 5.8  ha ± 0.7 
SE). Most individuals were more frequently detected 
at night than during the day suggesting greater noc-
turnal activity. Several of the larger eels (mean 
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2005; Chan 2017; Kendall et al. 2021a). Moray eels 
play a unique role in structuring fish communities in 
complex habitats due to their characteristic ability to 
navigate rock crevices, reef holes, mangrove roots, 
and other three-dimensional structures (Parrish et al. 
1986; Hixon and Beets 1993; Higgins and Mehta 
2018). They form cooperative foraging associa-
tions with other piscivores seeking to exploit moray 
eels’ physical capabilities of flushing prey from 
holes (Abrams et  al. 1983; Santos and Castro 2003; 
Vail et al. 2013; Aschenbrenner and Marques 2018). 
Morays also have a special allure to recreational 
scuba divers with their fearsome dentition, protract-
ible pharyngeal jaws, and reputation as dangerous 
marine life (Mehta and Wainwright 2008; Harrison 
et  al. 2017). Despite these intriguing characteristics, 
surprisingly little is known about basic aspects of life 
history for most moray species.

Shelter fidelity and movement has been inves-
tigated for a few species of moray eel using field 
observations and telemetry. Daily visual surveys for 
2 months in summer (Abrams et al. 1983) and winter 
(Young and Winn 2003) revealed sheltering habits for 
three Caribbean species. Individual spotted (G. mor-
inga), and purplemouth morays (G. vicinus) used the 
same reef hole for days to weeks before shifting to a 
new location a short distance away (< 25  m). Gold-
entail morays (G. miliaris) had greater shelter fidel-
ity and remained in the same hole for 1–2  months. 
Telemetry of four spotted and one purplemouth 
moray tracked for six days showed maximum noc-
turnal forays of 90 to 115  m from shelter sites, pri-
marily into nearby seagrass (Young and Winn 2003). 
In other systems, mark-recapture of 462 California 
morays (G. mordax) conducted over 2  years recap-
tured 170 individuals, all of which were at their origi-
nal trapping sites and did not move between adjacent 
coves just 100  m apart (Higgins and Mehta 2018). 
Mediterranean morays (Muraena helena) tracked 
using telemetry during summer months off Portugal 
(n = 19) revealed a 19.4 ha home range (Pereira et al. 
2017). A discontinuous telemetry study of 5 yellow 
moray eels (G. prasinus) over 10 months in New Zea-
land demonstrated that eels use a consistent general 
area (0.15 to 1 ha) but not the same hole day to day 
(Bassett and Montgomery 2011). Collectively, these 
studies indicate that moray eels have a high degree of 
fidelity to general locations although their particular 

shelter hole can vary on the scales of days to months 
depending on the species.

While these previous studies have resulted in key 
insights into the habits of moray eel species, many 
were conducted over short durations (i.e., days to sin-
gle seasons), are based on small sample size (i.e., a 
few individuals), or cover limited geographic scope 
(i.e., one habitat type). This has resulted in a piece-
meal understanding of their habitat utilization pat-
terns over longer timescales and multiple habitats. 
For example, by focusing on single habitats and 
seasons in reef systems, whether juveniles use the 
same habitats as adults or if, like many reef fish, they 
undergo an ontogenetic shift in ecosystem location 
or role, is unknown (Cocheret de la Morinière et  al. 
2003; Aburto-Oropeza et  al. 2009; Luo et  al. 2009; 
Huijbers et al. 2015).

The green moray (Gymnothorax funebris) is espe-
cially poorly known apart from general life history 
information despite it being the largest moray eel in 
the tropical Atlantic Ocean with a maximum total 
length of 2.5 m and weight of 30 kg (Robins and Ray 
1986). Green morays are typically found solitarily on 
highly rugose coral reef habitats of the Caribbean Sea 
in waters shallower than 30 m deep, but their range 
extends along the western Atlantic northward to 
New Jersey and southward including coastal waters 
of northern Brazil (Robins and Ray 1986). They are 
a common, although not abundant, reef dweller that 
are also known to occur in mangroves (Aschenbren-
ner and Marques 2018). Their diet is composed pri-
marily of fish, crustaceans, and other reef fauna (Ran-
dall 1967). Apart from these basic facts, little else 
is known about green morays including site fidelity, 
home range size, habitat shifts, or migrations.

We addressed this knowledge gap using acoustic 
telemetry wherein uniquely coded transmitters are 
implanted into the body cavities of subject eels and 
acoustic data loggers (hereafter “receivers”) are used 
to monitor their movements throughout an ecosys-
tem. An array of receivers were strategically placed 
in multiple mangrove-lined bays as well as coral 
reef habitats offshore to monitor eel movements for 
11 months. The objectives of the study were to docu-
ment temporal and spatial aspects of green moray’s 
occupancy of mangrove bays. Specifically, we quan-
tify overall home range and core area size, site fidel-
ity within bays, activity patterns during day vs. night, 
and document emigration/ontogenetic shift events 
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from mangroves to the reefs offshore including path-
way, speed, and timing.

Materials and methods

Study area

Salt River Bay National Historical Park and Eco-
logical Preserve lies on the north central coast of 
St.Croix, US Virgin Islands (Fig.  1). The estuary is 
comprised of four smaller bays that lead into a com-
mon central basin which is open to the ocean through 
a natural cut in a fringing reef at the head of the 

underwater Salt River Canyon (Kendall et al. 2005). 
The canyon has steep sides with many caves and 
overhangs and is flanked by flat carbonate pavement 
to the east and west. All four of the estuary’s bays 
are 2–4 m deep, have a mud or sandy bottom, sparse 
algae or seagrass, and apart from the seawall portion 
of the marina, all four are lined with red mangroves 
(Rhizophora mangle). Salt River Bay’s central basin 
is deeper (~ 5 m), has a sandier bottom, greater sea-
grass and algae coverage, occasional hardbottom, and 
a shoreline consisting of sand, rocks, coral rubble, or 
isolated mangroves.

Temperature (27–29 C) and salinity (35–36 PPT) 
are similar throughout these bays except during times 

Fig. 1  Salt River Bay study 
area with site numbers of 
VR2W telemetry receivers. 
Rectangle in the inset shows 
location of Salt River Bay 
on north coast of St.Croix. 
CSO = National Park 
Service’s Coastal Studies 
Outpost where field opera-
tions were staged
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of heavy rainfall when Sugar Bay receives runoff 
from its large watershed which can reduce salinity on 
a temporary basis (Kendall et al. 2005). Average oxy-
gen saturation is lowest in the extremities of the bays 
(65–69%) compared to locations closer to the reef 
cut (81–84%), whereas turbidity is highest far inside 
the bays (3–5 nephelometric turbidity units or NTU) 
compared to the central basin (1–3 NTU) (Kendall 
et al. 2005).

Fish tagging and tracking

On multiple field missions from July to November 
2018, green morays were live captured using fish 
traps deployed along the mangrove fringe in Sugar, 
Triton, and Bio Bay (Table  1). Trap deployment 
areas along the mangroves, bait (frozen local her-
ring), and specifications (1.3  cm vinyl-coated wire 
mesh, 92 × 57 × 19  cm, funnel opening ~ 9  cm diam-
eter) were generally dictated by a long term study 
of juvenile fishes in the area (Kendall et  al. 2021a). 
Most eels were trapped in the bay; the one exception 
was taken by a larger mesh trap outside the reef crest 
near receiver 8 (Fig.  1). Trapped eels were placed 
into shaded bins filled with local bay-water. All eels 
were well above the minimum weight recommended 

to accommodate the transmitters (< 2% of body 
weight) and were tagged. Eels were anaesthetized 
using 300  ppm tricaine methanesulfonate (MS-222) 
and total length was measured. Coded acoustic trans-
mitters (VEMCO model V8-4L, random ping delay 
130–230  s, ~ 324  day battery life) were implanted 
into the body cavity through a 1.5  cm ventral inci-
sion using well established surgical practices for other 
species of moray eels (Basset and Montgomery 2011; 
Pereira et  al. 2017). After the 1–2-min surgical pro-
cedure, tagged individuals were moved to a separate 
recovery bin until normal respiratory and swimming 
behaviors resumed, and then were released at the 
point of capture.

Thirty-seven acoustic receivers (VEMCO, VR2W) 
were strategically placed throughout the bays and 
extending offshore into a submarine canyon and coral 
reef habitats as part of a general fish telemetry study 
(n = 19 inside the estuary, n = 18 outside the fringing 
reef) (Kendall et al. 2021b) (Fig. 1). Receivers were 
spaced approximately evenly in a tiered arrangement 
from the smaller bays, central bay, back reef, and off-
shore to detect eel passage (200 – 250 m apart inside 
the bays and canyon). Detection range tests and a 
sentinel tag were used to monitor temporal changes 
in detections due to environmental factors and aid 

Table 1  Tagging and detection summary for each eel. DD denotes detection days; RI is residence index. Eels are in order of tagging 
location and then eel ID. Array was decommissioned June 24, 2019

Eel ID Length (cm) Tagging location Release date Last detection Track span 
(days)

DD RI (DD/span)

GF13 82 Sugar Bay 09/06/2018 06/05/2019 272 218 0.80
GF36 83 Sugar Bay 09/06/2018 01/19/2019 135 115 0.85
GF44 88 Sugar Bay 07/25/2018 05/30/2019 309 208 0.67
GF49 72 Sugar Bay 11/07/2018 06/20/2019 225 213 0.95
GF54 90 Sugar Bay 11/07/2018 02/20/2019 105 105 1.00
GF72 85 Sugar Bay 09/06/2018 06/18/2019 285 198 0.70
GF15 83 Triton Bay 07/26/2018 06/18/2019 327 230 0.70
GF21 65 Triton Bay 09/05/2018 06/06/2019 274 12 0.04
GF37 69 Triton Bay 11/06/2018 06/24/2019 230 224 0.97
GF46 90 Triton Bay 11/06/2018 06/24/2019 230 225 0.98
GF63 99 Triton Bay 07/26/2018 12/29/2018 156 147 0.94
GF64 96 Triton Bay 07/26/2018 06/23/2019 332 290 0.87
GF30 54 Bio Bay 11/08/2018 06/03/2019 207 168 0.81
GF47 58 Bio Bay 09/05/2018 06/11/2019 279 157 0.56
GF70 83 Central Bay 11/08/2018 01/04/2019 57 18 0.31
GF14 126 Reef 07/26/2018 08/31/2018 36 14 0.39
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with interpretation of detections from eels. Those 
data were evaluated in a previous study (Kendall et al. 
2021b) and revealed the 50% probability of detection 
to be ~ 200 m which indicates that our array spacing 
enabled monitoring of most bay areas. The sentinel 
tag was detected every day in 2018 and there was no 
difference in day versus night detections. This makes 
accounting for seasonal or diel bias during analysis 
unnecessary (Kendall et  al. 2021b). Receivers were 
retrieved, cleaned, and downloaded every 6  months. 
The array was removed on June 24, 2019.

Analysis

Data were formatted and organized through the Flor-
ida Atlantic Coast Telemetry Network (Young et  al. 
2020) and the glatos package in R (Krueger et  al. 
2017). A residency index (RI) was used to determine 
the proportion of time that each eel was tracked within 
the acoustic array overall. This was calculated by 
dividing the total number of detection days (i.e., a day 
with a detection anyplace in the array) by the trans-
mitter lifespan (release date to final detection date). 
The percentage of all detections that occurred at each 
receiver during the day versus night were expressed 
as stacked bar graphs for each eel. For the purposes 
of this study, day was defined as 6:15 AM–6:15 PM 
local time, and night was defined as 6:15 PM–6:15 
AM based on average time of sunrise and sunset at 
this latitude where day length is ~ 12 h ± 1 all year.

Spatial and temporal detection patterns within bays

The potential influence of time of day on detection 
patterns was examined using a chi-square goodness 
of fit test (Zar 1999). Specifically, we evaluated if 
eels were detected more during the day or night since 
studies among moray eel species have shown dif-
ferent patterns in diel activity. For this analysis, we 
summarized the number of detections by time of day 
(i.e., daytime vs. nighttime) for each fish and tested 
the null hypothesis that detections had an equal dis-
tribution during the day vs. night (i.e., 1:1 ratio). Raw 
numbers of detections were appropriate for compari-
son in this analysis because both time categories were 
12 h every day and the sentinel tag revealed no differ-
ence in the day vs. night detectability due to environ-
mental factors (Kendall et al. 2021b). Thirteen of the 
16 eels tagged had over 100 detection days to make 

for a robust comparison, however 3 (GF14, GF21, 
and GF70) had less than 20 days available for analy-
sis and were therefore excluded. Bonferroni adjusted 
p values (0.05/13 tests = 0.0038) were used to account 
for conducting multiple tests of these 13 fish.

Customized abacus plots were used to visualize 
monthly and seasonal patterns for each fish. Detection 
days for each individual were coded by receiver and 
whether the detection occurred during the daytime, 
nighttime, or both. All receivers used by eels in each 
tagging area (e.g., Triton or Sugar Bay) are shown to 
enable comparisons among their detection patterns.

Preliminary evaluation revealed that there was no 
increase in number of receivers visited as eels aged 
(Fig.  2a–c). Therefore, home range was calculated 
for each eel for their overall detection span (exclud-
ing departure tracks for individuals that emigrated). 
First, centers of activity (CoA) (Simpfendorfer et al. 
2002) were determined on hourly time steps using 
the VTrack package in R (Campbell et  al. 2012). 
Then the Brownian Bridge Kernel Utilization Den-
sity (KUD) was calculated from CoA data using the 
adeHabitatHR package in R (Calenge 2006). Last, the 
95% activity volume contour of the KUD was clipped 
using a land polygon to determine the submerged 
area inside the contour. This value was reported as 
the overall home range of each eel. The relationship 
between home range and eel size was tested using 
simple linear regression because there was no evi-
dence of non-linear patterns in plots of the data.

Emigration

In this study, individuals with detections that exhib-
ited a clear exit track out of the bays to the backreef, 
canyon, or farther offshore and were never detected 
again were defined as having emigrated in an ontoge-
netic shift. A Student’s t-test was used to determine 
if mean size of eels emigrating was different than 
that of eels that did not emigrate (Zar 1999). Sev-
eral aspects of emigration events were investigated in 
detail. First, their home range, approximated by the 
95% volume contour of their KUD, and the sequence 
of receivers where they were detected during depar-
ture was mapped. Next, average movement speed dur-
ing emigration was calculated based on the timing of 
successive detections and the straight line distances 
between receivers along their exit track. Last, we 
used binomial tests (Zar 1999) to determine whether 
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emigration occurred randomly during daytime or 
nighttime, during winter/spring months (Dec–May) 
or summer/fall (June–Nov), and potential influence of 
the lunar phase during emigration dates.

Results

Spatial and temporal detection patterns within bays

Sixteen green morays from multiple locations within 
the study area were tagged and tracked. These eels 
provided 1 to 11  months of detection data with an 
average detection duration of 7.2  months (Table  1). 
The residency index denoting proportion of days that 
eels were detected within the array prior to their emi-
gration or the termination of the project ranged from 
RI = 0.04 (GF21 was only detected of 4% of days over 
9  months) to 1.0 (GF54 was detected every day for 
over 3 months) with an average of 0.72.

When the number of daytime versus nighttime 
detections were compared for each eel, all were sig-
nificantly different (p < 0.001) than a random ratio of 
1:1 (Table 2). Of the 13 eels with sufficient data to be 
tested, 10 had a significantly greater number of detec-
tions at night, and 3 had a significantly greater num-
ber during the day.

Most individuals had very consistent detection 
patterns during their entire detection span, typically 
only on 2–3 adjacent receivers throughout their resi-
dency in the bays (Fig. 2a–c). Two eels switched from 
one receiver to an adjacent receiver in Triton Bay as 
their daytime sites (GF15 and GF46). Three others 
switched their daytime refuge sites, although exactly 
where is unclear since daytime detections were pre-
sent on our receivers and then missing for several 
weeks for those individuals (GF30, GF47, and GF64). 
In most cases however, their nighttime detection sites 
were consistent indicating they were still close by, 
just in a blind spot in the array such as deep in the 
prop roots during the day. Eel GF44 was undetectable 
for several weeks in September and October during 

both day and nighttime but resumed being detected 
on its typical receivers in Sugar Bay consistently for 
the remaining 7  months of its residency. Only one 
eel switched bays. Eel GF30 resided in Bio Bay for 
5  months before switching to the small cove on the 
other side of the CSO (Fig. 1) for the final 2 months 
before the array was decommissioned. Three eels 
had too few detections to enable robust conclusions 
(GF14, GF21, and GF70), but even these intermittent 
detections followed a pattern where only 2–3 receiv-
ers were involved. Unfortunately, GF14, the largest 
eel in the study and the only one tagged outside the 
bays to begin with, was only detected for a little over 
a month before disappearing at the northwest edge of 
the canyon.

Stacked bar graphs of cumulative detections among 
receivers during daytime versus nighttime reveal that 
most individuals were detected on the same set of a 
few receivers during the day and night (GF21, GF46, 
GF63, GF64, GF13, GF36, GF44, GF72, GF47, and 
GF14) (Fig. 3a–c). Of note however, the proportions 
differed during the day versus night for each fish sug-
gesting a small shift in the area used for foraging ver-
sus resting. The other individuals had just 1 receiver 
loaded with the bulk of both daytime and nighttime 
detections (GF15, GF37, GF49, GF54, GF30, and 
GF70) suggesting that they forage in the same small 
general area where they take refuge.

Home range size (95% KUD) during bay resi-
dence was similar among most individual eels except 
for GF47 and GF72 which had 4 to 5 times larger 
home range size than the others (Table 2). These two 
individuals resided in Triton and Sugar bays respec-
tively, but had relatively few CoA positional data 
which were distributed evenly over a wider range than 
other tags. This caused their home range calculation 
to be very large using the Brownian Bridge method. 
Excluding these two outliers, average home range 
size was 5.8 ha (± 0.7 SE). There was no significant 
linear relationship between eel size and home range 
area calculated with, or without, the outliers.

Emigration

Most eels were either detected consistently from 
tagging until array removal (i.e., they did not leave 
the system) or they exhibited a clear departure track 
out of the bays. The only exceptions being GF21, 
which was only intermittently detected in Triton 

Fig. 2  a–c Abacus plots of detection days for eels from: a 
Sugar Bay, b Triton Bay, and c Bio Bay and other locations 
by receiver and diel period (day, night, or both). Months are 
noted along the X axis and receiver station numbers are listed 
after each eel (GF##) on the Y axis. When present, a red line 
indicates dates of eel emigration

◂
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Bay, and GF14, the largest eel that we tagged, which 
was already out on the reef at the time of tagging. 
Six out of the 16 eels showed a clear track of emi-
gration from the bays to the highly rugose environ-
ment of the back reef, canyon, or beyond, and then 
were almost never detected again (Fig. 4a–f). Emi-
gration pathways included one or more detections 
on at least 5 receivers outside an eel’s core area, 
with the exception of GF63 which was only detected 
on one backreef receiver during its exit (Fig.  4e). 
There was little variation in each individuals’ typi-
cal pattern of daily detections leading up to the 
abrupt departure. Emigrations typically occurred in 
just one night although two eels (GF36 and GF70) 
demonstrated movements that were different from 
their typical daily patterns on the night before their 
final departure and partly matched the pathway of 
their emigration. One of those (GF70) even went 
beyond the reef crest into the canyon before return-
ing to its core area the night before its final emigra-
tion. Departing eels were all greater than 82 cm TL 
although not all eels that large emigrated during 
the monitoring period (i.e., GF15, GF46, and GF64 
were 83 to 96  cm TL). Mean length of eels that 
emigrated (93 cm ± 5.9 SE) was significantly longer 

than those that did not (75 ± 4.9 SE) (Student’s t, 
p = 0.03).

When eels left the bays, all 6 did so at night which 
is significantly different from random (binomial test, 
p = 0.016). All departures began after sunset, ranging 
from 7:34 PM to 3:14 AM local time. The last detec-
tion of emigration events was always before dawn 
the same night of departure, ranging from 8:33 PM 
to 5:25 AM. Speed of emigration ranged from 0.6 to 
6.3  km/h (Table  2) (mean = 3.4  km/h). Final detec-
tions of emigration almost always occurred the same 
night of departure, after which the emigrants were 
never detected again. The notable exception was 
GF13, which was detected just once along the lower 
forereef east of the canyon, 8  days after departure. 
All departures occurred in months from December to 
May (binomial test, p = 0.016). There was no consist-
ent lunar phase among emigrating eels (Table 2).

Discussion

In this study, we document a previously undescribed 
ontogenetic habitat shift in moray eels in general, 
and the home range of green morays in particular. An 

Table 2  Bold denotes the higher value in daytime versus 
nighttime detections where a significant difference was found 
(p < 0.001). Due to low numbers of detection days, GF70, 
GF14, and GF21 were not tested for day versus night differ-

ences or subject to home range size calculations. Hyphens (-) 
denote irrelevant columns for eels that did not emigrate or had 
too few detection days for home range calculations

Eel ID Day detections Night detections Home range (95% 
KUD) (ha)

Emigration date 
(2019)

Emigration lunar 
phase

Emigration 
speed (km/h)

GF13 196 1837 6.8 28 May Wane 6.1
GF36 159 1282 6.6 19 Jan Full 0.9
GF44 2249 2785 7.3 30 May Wane 4.8
GF49 700 5447 6.0 - - -
GF54 6608 3828 2.3 20 Feb Full 1.4
GF72 721 929 29.5 - - -
GF15 12,850 7133 6.8 - - -
GF21 13 10 - - - -
GF37 2407 8595 0.7 - - -
GF46 13,089 22,870 6.0 - - -
GF63 1618 6432 8.0 29 Dec Wane 0.6
GF64 4898 13,253 7.4 - - -
GF30 21,903 11,288 5.8 - - -
GF47 435 1124 36.9 - - -
GF70 258 21 - 4 Jan New 6.3
GF14 27 21 - - - -
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extensive acoustic telemetry array was used in a man-
grove and reef ecosystem to quantify temporal and 
spatial movements of green morays over 11 months. 
Specifically, we quantified diel activity patterns, over-
all home range and core area size, site fidelity within 
bays, and emigration/ontogenetic shift events from 
mangroves to the reefs offshore including pathway, 
speed, and timing.

Based on the pattern of detections observed here, 
we suspect that green moray eels in mangroves are 
more active nocturnally than diurnally. Of the 13 eels 
with sufficient data to be tested, 10 had a significantly 
greater number of detections at night, and 3 had a 

significantly greater number during the day. Because 
the sentinel tag showed no difference in diel patterns, 
the greater number of eel detections at night may be 
due to eels’ greater emergence from sound absorb-
ing refugia (i.e., mangrove prop roots encrusted 
with sessile biota) during nocturnal activities like 
foraging. The few individuals that were detected 
more during the day may have had a daytime resting 
location that happened to be in close proximity to a 
receiver, thereby enabling easier detection, or they 
may have actually been more active diurnally. Dif-
ferences in which receivers detected fish during the 
day versus night suggest that some green morays use 

Fig. 3  a–c Percentage of 
all detections for each eel 
among receivers calculated 
during the day and night 
respectively in: a Triton 
Bay, b Sugar Bay, and c Bio 
Bay and others. Any station 
that comprised < 1% of a 
tag’s detections for a given 
period was excluded
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the same space during both the daytime and night-
time, whereas others use slightly different space, but 
still in the same bay and on adjacent receivers. This 
could also be due to a small change in exposure to 
one receiver or another as they become more active at 
night. Most moray species are thought to be nocturnal 
(Young and Winn 2003; Gilbert et  al. 2005; Bassett 
and Montgomery 2011; Pereira et  al. 2017; Higgins 
and Mehta 2018) though there are diurnal exceptions 
(Abrams et  al. 1983; Gilbert et  al. 2005), and spe-
cies with flexible diel cycles (Gilbert et al. 2005). As 

for green morays, a large majority in our study were 
night active, but a few had more diurnal detections 
and indeed, they have been observed foraging during 
daytime in other mangrove areas (Aschenbrenner and 
Marques 2018).

Home range size for green morays during man-
grove residence was independent of eel length 
and was broadly consistent among individuals 
(5.8 ha ± 0.7 SE). This is similar to the yellow moray, 
G. prasinus (0.2 to 10  ha) (Bassett and Montgom-
ery 2011) but smaller than Mediterranean moray 

Fig. 4  a–f Location of the receivers where eels resided in the 
bays (95% KUD = hashed area) and the track of emigration 
(solid line) for: a GF13, b GF36, c GF44, d GF54, e GF63, 
and f GF70. Thin dashed line for GF36 and GF70 represents 

the track of movements the night prior to emigration. Note that 
movement lines do not represent actual eel coordinates, only 
general connections between receivers with consecutive detec-
tions for each eel
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(M. helena) (19.4 ha) (Pereira et al. 2017), although 
comparisons must be interpreted cautiously due to 
small sample size (Bassett and Montgomery 2011), 
tracking duration (Pereira et  al. 2017), and differ-
ent habitat types. For example, the Mediterranean 
and yellow morays are both temperate species that 
occupy rocky habitat, whereas the green morays in 
this study were in tropical mangrove habitat. Home 
range size estimates in mangroves may be especially 
difficult to interpret because the eels may only be 
using the mangrove fringe, and seldom move into 
the open mud and algae bottom away from the prop 
roots that are included in the KUD area estimates. In 
addition, whereas these small home range sizes sug-
gest strong fidelity to a particular area, how long eels 
may occupy the same shelter hole is unknown. Sev-
eral eels in this study showed subtle shifts in their 
distribution of detections between adjacent receivers 
within their home ranges over time. Variability in 
detections within the home range suggests eels may 
regularly move among holes (Bassett and Montgom-
ery 2011). More detailed position data will be needed 
to resolve such fine-scale habitat use.

Ontogenetic habitat shifts are common for many 
fish species in tropical seascapes wherein primarily 
juveniles occur in mangroves and adult conspecifics 
occur on nearby coral reefs (Cocheret de la Morin-
ièr et al. 2003; Aburto-Oropeza et al. 2009; Huijbers 
et  al. 2015). Several of the larger eels in our study 
exhibited a distinct habitat shift from the mangroves 
to the reef which ended our detection of them in the 
array. During their emigration, eels were detected 
only once or twice on receivers along their exit route. 
This low detectability occurred despite distances and 
movement speeds that would have allowed a poten-
tially much larger number of detections given the 
ping interval of the transmitters (i.e., random delay 
between 130 and 230 s). This suggests that eel emigra-
tion occurred along the bottom and through habitats 
known to muffle transmissions such as thick seagrass 
or moving from structure to structure (e.g., isolated 
rocks, sand blowouts, or depressions) (Swadling et al. 
2020). For perspective, note that mean emigration 
speed for eels estimated here (3.4  km/h), is roughly 
equivalent to a slow walking pace for humans. This 
would seem to enable a methodical but steady pas-
sage away from an eel’s core area through unexplored 
areas rather than a sudden dash. Of note however, this 
estimate is based on straight line distances between 

receivers and rare detection events, whereas in real-
ity, actual pathways of eels could be more circuitous 
(longer) between receivers. Similarly, this estimate 
does not account for receiver range and the impos-
sibility of knowing where an individual actually is 
within the monitored area, although this is less of a 
concern as eels move along a line of multiple receiv-
ers. The only other study to estimate moray move-
ment speed using telemetry is for the Mediterranean 
moray (Pereira et al. 2017). Movements for that spe-
cies were ~ 0.09  km/h but were based on eel’s regu-
lar activities, not during emigration as was calculated 
here.

Once at the backreef or farther offshore, detec-
tions ceased, a finding generally similar to a telemetry 
study of ontogenetic shifts in schoolmaster snapper 
(Lutjanus apodus) (Huijbers et  al. 2015). The sub-
marine canyon off Salt River Bay has a flat, sandy 
bottom that is flanked by two nearly vertical walls of 
rock and coral with countless overhangs, small caves, 
and crevices (Rogers et al. 1984; Kendall et al. 2005). 
This habitat is ideal for adult moray eels and provides 
abundant shelter and opportunities for concealed 
movement all along the reef structure. Eels may have 
remained in the canyon habitat after emigration, but 
were not detected once they established a new core 
area in such complex habitat. Moray eels are often 
observed with just their heads emerging from reef 
crevices and their body concealed, a behavior that 
would physically prevent detection of the transmit-
ters which are inserted in the body cavity and would 
remain inside the reef structure (Bassett and Mont-
gomery 2011). Emigrating eels may also have con-
tinued down the steep continuous slope of the canyon 
floor into deeper waters at the canyon mouth (~ 50 m) 
or instead left the bays via the pavement on either 
side of the canyon then along the coastal reefs into 
adult habitats elsewhere around St.Croix.

Emigration events documented here appear to be 
permanent based on the available detection data and 
other evidence. None of the individuals were detected 
in the array again despite having more than enough 
battery life and up to 6  months of additional moni-
toring time after their departure until the array was 
decommissioned. These eels may have come back 
as older and larger individuals after the array was 
decommissioned, however, additional trapping obser-
vations suggest that this was unlikely. Eels larger than 
99  cm were never caught in the small traps used to 
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capture fish for this study (Kendall et al. 2021a) nor 
were they caught in much larger Antillean fish traps 
(~ 50 by 150 by 200 cm traps with mesh size 3.8 cm) 
that were used extensively during biannual sampling 
throughout these bays as part of a research project in 
the 2 years prior to this study (Kendall et al. 2021b). 
Only one large moray > 100  cm was ever captured 
inside the bays using these larger traps and it was next 
to a ship wreck in the central bay rather than asso-
ciated with the mangroves (pers. obs.). These larger 
traps are effective for catching larger eels, in fact the 
largest eel in this study (126  cm TL) was trapped 
repeatedly in such a trap in a sand channel on hard 
bottom west of the canyon. Collectively, this suggests 
that larger eels are in much lower abundance in the 
bays and once the smaller eels leave the mangrove 
fringe, they do not return.

Eels suspected to be emigrating may instead have 
been eaten by a large predator such as a shark, which 
then left with the tag in their stomach (e.g., Gibson 
et  al. 2015; Kahn et  al. 2016). This however, seems 
unlikely since a predator large enough to eat a 1  m 
long eel that is swimming out in the open would be 
detected more frequently than an eel slinking along 
the bottom on its way out of the bays as our detec-
tion patterns demonstrated. Also, two eels showed 
pre-emigration movements the night before depar-
ture, returned to their core area, and then somewhat 
retraced their pre-emigration movements when com-
pletely departing. We do not believe that a predator 
would display this type of movement behavior for 
only two nights in a row and then never be detected in 
the bays again. These preemigration movements may 
be similar to exploration behaviors observed for some 
schoolmaster snapper prior to their final migration 
from mangroves to reefs (Huijbers et al. 2015).

Determining what triggers the ontogenetic habitat 
shift remains unknown. As has been shown for some 
other mangrove and reef fish (Aburto-Oropeza et al. 
2009; Luo et al. 2009), there may be a seasonal influ-
ence since all of the eel emigration events occurred 
over several months during winter and spring. There 
was no clear lunar trigger as eels emigrated in any 
moon phase. On a diel timescale, eels waited until 
after dark to leave their core area (Huijbers et  al. 
2015) which could be to minimize risk from day-
active predators (Kahn et al. 2016) or may simply be 
due to the more nocturnally active tendency on the 
part of the eels.

Linking the ontogenetic shift of green moray 
eels to specific biological needs such as predation 
risk (Dahlgren and Eggleston 2000; Kimirei et  al. 
2013), maximizing growth (Dahlgren and Eggleston 
2000; Kimirei et  al. 2013), maturation (Cocheret de 
la Morinièr et  al. 2003; Luo et  al. 2009; Grol et  al. 
2014), diet change (Cocheret de la Morinièr et  al., 
2003), or food availability (Kimirei et  al. 2013) as 
has been shown for some other reef fishes is difficult. 
This is partly due to the large gaps in understand-
ing about even basic aspects of life history for nearly 
all moray eels including size at maturity, spawning 
season and location, growth rate, changes in prey 
size, and predation threats (Froese and Pauly 2020). 
Although emigrating eels were mostly larger than 
those that did not, maturity cannot be distinguished 
based on size, and the eels tracked here may still be 
subadults. Predation risk seems unlikely for green 
morays in any of its preferred habitats apart from con-
specifics, as has been documented elsewhere in the 
genus Gymnothorax (Young and Winn 2003; Higgins 
and Mehta 2018). Another possibility is that as eels 
grow, they may move to take advantage of an increas-
ing ability to consume larger prey items found on the 
reef compared to the mangroves which are dominated 
by smaller sized prey fish. For example, the Califor-
nia moray (G. mordax) shows mixed results of chang-
ing prey size with growth (Harrison et al. 2017; Hig-
gins et al. 2018). However, it is not clear if California 
morays shift habitats as green morays appear to do, or 
if they essentially have the same size menu of prey as 
they grow.

The approach used here can be adapted to exam-
ine habitat shifts of fish in other systems. Although 
we documented several previously unknown aspects 
of green moray eel ecology, there are many more 
important questions to be investigated. Shelter hole 
fidelity and fine scale movements in mangrove bays 
are not understood. If any eels in the size class 
examined here (~ 50 – 100 cm) are already offshore 
on reefs also unknown since we did not sample 
with the smaller mesh-sized traps in those habitats. 
Although mangroves and coral reefs are preferred 
habitats, green morays are not necessarily obligate 
users as they are occasionally reported off states 
northward along the US east coast lacking those 
habitats. Also of note, even younger and smaller 
eels were never caught in the mangroves in 2 years 
of trapping (Kendall et al. 2021a) despite the mesh 
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size being fine enough to catch them. Perhaps, like 
many other reef fish species, smaller green morays 
initially recruit to and reside in seagrass habitats 
which would provide ideal camouflage for an ani-
mal the same general color and appearance as tur-
tlegrass (Thalassia testudinum). As coral reefs con-
tinue to degrade, understanding the impact of reef 
flattening, the widespread loss of reef rugosity as 
corals die, bioerode, and physically break down, 
will also be important (Alvarez-Filip et  al. 2009). 
This may reduce the three dimensional reef struc-
ture and sheltering opportunities required by eels 
(Abrams and Schein 1986) and may have especially 
dire consequences for Muraenidae in general.
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